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Abstract
Introduction
Biomarkers are needed to monitor tuberculosis (TB) treatment and predict treatment out-
comes. We evaluated the Xpert MTB/RIF (Xpert) assay as a biomarker for TB treatment
during and at the end of the 24 weeks therapy.
Methods
Sputum from 108 HIV-negative, culture-positive pulmonary TB patients was analyzed using
Xpert at time points before and during anti-TB therapy. Results were compared against cul-
ture. Direct Xpert cycle-threshold (Ct), a change in the Ct (delta Ct), or a novel “percent clos-
ing of baseline Ct deficit” (percent closing) were evaluated as classifiers of same-day and
end-of-treatment culture and therapeutic outcomes.
Results
Xpert was positive in 29/95 (30.5%) of subjects at week 24; and positive one year after treat-
ment in 8/64 (12.5%) successfully-treated patients who remained free of tuberculosis. We
identified a relationship between initial bacterial load measured by baseline Xpert Ct and
time to culture conversion (hazard ratio 1.06, p = 0.0023), and to the likelihood of being
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among the 8 treatment failures at week 24 (AUC = 72.8%). Xpert Ct was even more strongly
associated with culture conversion on the day the test was performed with AUCs 96.7%,
99.2%, 86.0% and 90.2%, at Day 7, Week 4, 8 and 24, respectively. Compared to baseline
Ct measures alone, a combined measure of baseline Ct plus either Delta Ct or percent clos-
ing improved the classification of treatment failure status to a 75% sensitivity and 88.9%
specificity.
Conclusions
Genome loads measured by Xpert provide a potentially-useful biomarker for classifying
same day culture status and predicting response to therapy.
Introduction
There are few reliable biomarkers to monitor the efficacy of tuberculosis (TB) treatment and
predict treatment outcomes. Markers of elevated bacterial load such as the detection of acid
fast bacilli (AFB) in sputum smears, or identification of lung cavities on chest X ray have been
associated with worse treatment outcomes [1, 2]. However, the predictive values of these indi-
cators are relatively weak and are often not useful for individualizing therapy. Two-month cul-
ture conversion is the most widely accepted marker for assessing treatment efficacy. Indeed,
one meta-regression analysis used regimen duration and rate of two month culture status to
predict relapse rates in the various arms of REMOX, OFLOTUB and RIFAQUIN at an
R2 = 0.86 [3]. While culture may have a value as a trial-level prognostic factor in the context of
developing novel regimens, other studies [1, 4], including a systematic review and meta-analy-
sis [5], report that two-month culture conversion had very poor sensitivity and specificity for
predicting treatment failure and relapse in individual patients, including a recent analysis of
the REMOX trial [6]. Furthermore, culture facilities are often unavailable to populations with
high burdens of TB [7, 8] and if available, cultures must be continued for at least 42 days before
they can be identified as negative. The long delay associated with a culture result can also con-
tribute to the difficulty of using cultures to identify patients who have failed conventional ther-
apy or interrupted their treatment. [5, 9]. This may be a particularly difficult problem in
patients suspected of having drug resistant TB. All these patients may require additional
months of treatment. The paucity of treatment response biomarkers also complicates clinical
trials of new tuberculosis therapies [5, 10].
The GeneXpert MTB/RIF (Xpert) assay is an automated, rapid, near-patient real time PCR
assay that simultaneously detectsMycobacterium tuberculosis and Rifampicin (RIF) resistance
[11–14]. The assay also has a quantitative function, suggesting that it could be used to measure
bacterial load and perhaps predict treatment response [13]. However, several recent studies
have suggested that the Xpert assay performs poorly for this purpose [15–17]. This is perhaps
due to the fact that DNA from deadM. tuberculosis organisms is likely to persist in a TB
patient’s sputum for some time, making it difficult for the Xpert assay to distinguish between
live and successfully killed organisms [18]. However, prior studies have not appeared to make
full use of the quantitative capabilities of the Xpert assay to stratify patients by likelihood of cul-
ture conversion. Nor have these studies fully explored the ability of serial Xpert tests to demon-
strate a treatment effect by detecting a drop in the amount ofM. tuberculosis DNA present in
sputum samples. Finally, these prior studies did not look at whether Xpert results could predict
treatment outcomes, which is clearly the most important potential use of a TB treatment
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biomarker. Here, we revisit the use of the Xpert assay as a marker of concurrent treatment
response, as well as treatment success versus treatment failure at the end of 24 weeks therapy.
Material and Methods
Human subjects approvals
The study was approved by the Institutional review board of Rutgers University (0120100144),
and the Stellenbosch University (N10/01/013). All patients provided written informed consent.
Patient enrollment, sample collection and processing
We enrolled HIV-negative, smear or Xpert positive, adult pulmonary TB patients at Stellen-
bosch University as part of the National TB Program in Cape Town, South Africa. All TB cases
were treated for a two-month intensive phase with daily fixed-dose combination tablets (Rifa-
four) containing isoniazid (INH), RIF, ethambutol (EMB) and pyrazinamide (PZA) followed
by a four-month continuation phase of daily INH and RIF. Patients with a history of drug sus-
ceptible TB or treatment failure were treated with Rifafour plus streptomycin for the first 2
months followed by Rifafour only in month three, and then five months of INH and RIF.
Treatment regimens were changed based on drug susceptibility test (DST) results in resistant
patients. Each patient was followed for minimum 24 weeks and early morning sputum speci-
mens were collected before (day 0), and during treatment (day 2, week 1, 4, 8, 12, and 24).
Approximately one mL of each sputum sample from each time point was decontaminated and
concentrated using the NALC-NaOHmethod as described previously [19] [Figure A in S1
File]. The exact quantity of sputum processed, and the volume of the re-suspended pellet varied
somewhat according to standard laboratory practice in the first 19 subjects and these 19 sam-
ples were excluded from the culture “time to positive analysis”. Thereafter, all pellets were re-
suspended in exactly 1mL phosphate buffer, of which 05mL was inoculated into mycobacterial
growth indicator tubes (MGIT), and the other 05mLaliquot was tested by Xpert. After a pre-
pilot study phase, the week 12-time point was dropped for Xpert testing but not for culture,
leaving insufficient Xpert data to analyze at this point.
We also analyzed sputum samples of 73 patients who were available for a formal follow-up
study visit 1 year after the end of treatment. A patient’s clinical outcome was classified as cured
if they converted to and maintained sputum culture negativity by week 24 and remained cul-
ture negative for 1 year; failed if they were culture positive at week 24 and un-evaluable if con-
tamination caused uncertainty in outcome.
Study Definitions
“Time to positive” (TTP) was defined as the number of days from time of inoculation into
MGIT vial to the first positive culture result. All contaminated cultures were excluded from
TTP analysis. As per WHO guidelines, “Time to Culture Negativity” was defined as the num-
ber of days from treatment initiation date to the date of the first of two consecutive negative
sputum cultures collected at least 30 days apart, [20] and further categorized as; TB negativity
by week 4; 8; 12; and 24 or TB positive at Week 24. A panel of three investigators who were
blinded to the Xpert results determined treatment outcomes. The panel classified each case as
follows: definite treatment success (two or more consecutive negative culture results, including
a negative week 24 culture, with no intervening positive cultures), probable treatment success
(two or more consecutive negative culture results in a subject who lacked a week 24 result due
to culture contamination with no intervening positive cultures), Possible treatment success (a
single negative culture result at week 24), treatment failure (culture positive at week 24), or un-
Xpert MTB/RIF to Monitor TB Treatment Response
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evaluable (multiple contaminated cultures including week 24). Possible cures are excluded in
analyses that consider treatment outcomes.
Xpert test result definitions
Cycle Threshold (Ct). The number of cycles required for the fluorescent signal from any one of
the 5 rpoB (i.e. probe A to E) probes of the Xpert assay to cross a pre-defined fluorescence
intensity. The Ct of the first positive probe was used to identify the minimum Ct value of each
assay. This definition of minimum Ct value was used (as opposed to a value derived by averag-
ing the Ct values of all five rpoB probes) because it was less likely to be artificially delayed by
the presence of Rifampicin resistance, and is consistent with our prior work.[11, 13]When TB
was not detected by Xpert a CT value of 40 (Ct value above the highest Ct value used to identify
TB in the Xpert assay) was assigned for data analysis.
Delta Ct. The minimum rpoB probe Ct value generated by the Xpert assay at a time point of
interest minus the minimum rpoB probe Ct value at baseline. When the Xpert Ct value was 40
at the baseline and other subsequent time points, we used an imputed value (instead of zero) of
the maximum delta (across all subjects) at that subsequent time point as shown in Table A in
S1 File.
Percent closing of baseline deficit (percent closing). This method measured the degree to
which an Xpert test at a time point of interest moved towards a negative result compared to
the Xpert test at baseline. The percent closing was calculated using the formula: [(Xpert Ct
at given time point-baseline Xpert Ct) / (40-baseline Xpert Ct)] x 100. For example, for a
baseline Ct = 25 and a week 8 Ct = 35, the percent closing would be 67%, indicating that 67%
of the gap between 25 & 40 had been closed at Week 8. When the Xpert Ct value was 40 at the
baseline and other subsequent time points, the percent closing value was set to 100% (Table A
in S1 File).
Statistical Analysis
Patient data were analyzed using statistical software Stata (v12), SAS (v94) and R (v301).
Baseline differences in Xpert Ct and MGIT TTP by time to negativity category (i.e., 4 Weeks,
8 Weeks, or 24 weeks) were evaluated using the Kruskal-Wallis test. The association
between baseline Ct value and the time to TB negativity was analyzed using a Cox proportional
hazard analysis and interval censoring methods. Receiver operating characteristic (ROC)
curves were used to plot the diagnostic accuracy of Xpert Ct values at different time points rela-
tive to concurrent culture status and to adjudicated treatment outcome. Tests of the non-
parametric area under the ROC curve (AUC) compared the performance of the different Xpert
parameters using the Mann-Whitney-U-statistic. Multivariate regression was used to create a
risk score that combines baseline and post-baseline Xpert Ct measurements [21].
Results
One hundred thirty-one HIV-negative smear or Xpert positive pulmonary TB patients were
enrolled (Fig 1). Twenty-three subjects discontinued very early in the study, and were excluded
from analysis. Ten of the 108 subjects were further excluded from the “time to culture negativ-
ity” analysis due to un-evaluable culture results. Four of the remaining 98 patients (4.1%) were
drug-resistant, and 63 (704%) were diagnosed with TB for the first time. Two more patients
were excluded due to co-morbidities with other diseases, and the final analyses were conducted
with the remaining 96 subjects. For the analysis of adjudicated treatment outcomes, possible
treatment success patients were excluded due to their uncertain TB outcome status, and a
“treatment success” group consisting of definite and probable treatment success patients was
Xpert MTB/RIF to Monitor TB Treatment Response
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compared against treatment failures. Defaulters were defined as subjects who missed 30
treatment doses. Based on this definition, there were seven defaulters in the treatment success
group and four defaulters in the failed group.
Our overall goal was to identify markers of response to therapy, and treatment success. We
compared the time required for conversion of culture to negative to the time required for con-
version of the Xpert assay to negative. Kaplan-Meier curves showed that Xpert negativity
lagged behind culture negativity (Fig 2), although the lack of Xpert testing at week 12 may have
exaggerated this phenomenon between weeks 12, and 24. Eighty-eight of our 96 subjects
(917%) achieved culture negativity by week 24 [Table B in S1 File] compared to only 66/95
(69.5%) subjects who became Xpert negative over the same period [Table C in S1 File]. We also
examined the sputum of 73 subjects who were available for testing one year after the end of
Fig 1. Overview of patient enrollment and adjudicated treatment outcomes at 24 weeks.DS: drug
susceptible; IR: INH resistant, MDR: multi drug-resistant.
doi:10.1371/journal.pone.0160062.g001
Fig 2. Time to negative results Xpert MTB/RIF Ct relative to MGIT culture. Kaplan-Meyer curves are
shown for the time to TB negativity as indicated by two successive negative MGIT cultures versus TB
negativity as indicated by a single negative Xpert test. * Xpert testing was not performed at the week 12 time
point.
doi:10.1371/journal.pone.0160062.g002
Xpert MTB/RIF to Monitor TB Treatment Response
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their treatment (Table D in S1 File). Xpert produced an error for 2 subjects, leaving 71 with a
valid Xpert result. Sixty-four of these 71, had been classified as definite treatment success, 4 as
possible treatment success, and 3 as treatment failures at week 24. Eight (12.5%) of 64 patients
classified as definite treatment success were Xpert positive one year later. Only one of these
positives likely represented relapse or reinfection because only this subject had cultures that
were also positive at one year after treatment. All of the possible treatment success subjects
were negative by Xpert at the one year time point. Of the three 24 week treatment failures, one
was culture and Xpert positive, one was only Xpert positive and one was negative by Xpert and
culture at the one year post treatment time point.
Culture and Xpert both generate quantitative data that can potentially reflect sputum bacte-
rial load. Quantitation is performed by measuring the TTP [22, 23] using MGIT culture and
by measuring the Ct value using Xpert [13]. Baseline Xpert Ct values and baseline MGIT TTP,
over time are shown in Fig 3 stratified by time to negativity category. Baseline Xpert Ct values
and MGIT TTP were both associated with time to TB culture negativity (p = 0.001 & p = 0.004,
respectively). For both tests, patients in the group who became TB negative the soonest had
higher values relative to other strata at baseline through day 7, after which the increasing num-
ber of culture negative patients made it difficult to distinguish among the strata by means of
the TTP. For Xpert Ct, this difference continued past week 4, and the rank ordering of strata
was much more pronounced. It should be noted that both MGIT TTP and Xpert Ct are
inversely related to bacterial and genome load, respectively [24]. A proportional hazard analy-
sis was performed to calculate the hazard ratio for time-to-negativity as a function of baseline
Xpert Ct value (Table E in S1 File). The hazard ratio was 1.06 (p = 0.0023; 95% CI: 1.02,1.09),
indicating that the likelihood of earlier conversion to culture negativity improved by 6% with
each unit increase in baseline Ct value.
These study results suggest that baseline bacterial load measured by Xpert (base line Ct)
might be a useful predictor of later treatment response (Table 1). Baseline Xpert Ct predicted
Fig 3. Baseline Xpert and MGIT results and time to culture negativity. The mean, upper and lower mid
quartiles, standard deviations, and outliers of the baseline Xpert Ct (top) and baseline MGIT TTP (bottom) are
shown for subjects who converted their culture at the indicated time points. All culture negative samples
reported as negative at day 42 by MGIT instrument were assigned a TTP value of 45 and all negative Xpert
assays were assigned a Ct value of 40. It should be noted that approximately one third of MGIT TTP findings
were excluded from the analysis either due to culture contamination or sputum aliquot inconsistencies.
doi:10.1371/journal.pone.0160062.g003
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culture negativity at week 4 with 88.2% sensitivity, 51.4% specificity, at week 8, 78.9% sensitiv-
ity, 78.9% specificity and at week 24, 75.3% sensitivity, 62.5% specificity. However, a single
Xpert Ct result cannot capture the change in bacterial load that occurs with treatment. There-
fore, to improve the ability of Xpert to predict culture negativity at critical time points, we fur-
ther examined two measures of treatment effect: “delta Ct”, which was the difference between
the Ct at a time point of interest, and the Ct at day 0; and the percent closing of baseline deficit”
(percent closing), which was the percent that the Ct at day 0 moved to the Ct of a negative test
(Ct = 40) at the time of interest. This second measure has the potential advantage of not penal-
izing subjects with high baseline Ct values. However, the ROC curves suggest that—using delta
Ct or percent closing measures did not perform appreciably better then baseline Ct at predict-
ing conversion to a negative culture by week 8 (Figure B in S1 File, Table F in S1 File).
We also examined the ability of Xpert as a marker of whether contemporaneous cultures
(cultures collected on the same day the Xpert test was performed) would ultimately prove to be
negative. This measure is potentially quite useful given the several week delay between culture
collection and a definitive negative culture test. This analysis showed that the Xpert Ct mea-
sured on the same day that a culture was obtained (direct Ct) was strongly associated with cur-
rent culture status, with ROC curve AUCs at day 7 of 96.7 (95% CI 94.1, 99.3), at week 4 of
91.2 (95% CI 85.8, 96.6), at week 8 of 86.0 (95% CI 77.9, 94.2) and at week 24 of 90.2 (95% CI
75.0, 100.0) [Fig 4(A), Table Ga in S1 File]. The optimal point, measured in terms of maximiz-
ing the sum of sensitivity and specificity, for a Ct cutoff rule confirming culture negativity was
approximately30 at the three later time points. ROC curves that used delta Ct (optimal cutoff
10) relative to current status (negative/positive) indicated a somewhat lower accuracy, with a
Table 1. Baseline Xpert Ct value to predict time to negativity status at different time points.
TTN category
Baseline values only to predict TTN at week Sensitivity (TB negative) Speciﬁcity (TB positive)
4 88.2% (15/17) 51.4%(38/74)
8 78.9% (31/53) 78.9% (30/38)
24 75.9% (63/83) 62.5% (5/8)
doi:10.1371/journal.pone.0160062.t001
Fig 4. ROC curve for direct Xpert CT, delta CT and percent closing relative to culture negativity at the
same time point. Assessment of direct Xpert Ct (A), delta Ct (B) and percent closing (C) values to predict the
same-day culture negativity at day 7, week 4, week 8, and week 24. ROC curve results for direct Xpert Ct
(optimal cut off approximately30) at Day 7, AUC = 96.7 (95% CI 94.1, 99.3); at week 4, AUC = 91.2 (95%
85.8, 96.6); and week 8 AUC = 86.0 (95% 77.9, 94.2) and at week 24, AUC = 90.2 (95% 75.0, 100.0). ROC
curve results for the delta Ct (optimal cut off values of approximately 10) at day 7, AUC = 97.5 (95%CI
94.5, 100.0); at week 4, AUC = 82.8 (95% 72.5, 93.1); at week 8, AUC = 75.2 (95%CI 64.8, 85.6); and at week
24, AUC = 82.2 (95%CI 67.9, 96.5). ROC curve results for the percent closing of the baseline Ct deficit at day
7, AUC = 96.6 (95%CI 94.0, 99.2); week 4, AUC = 91.6 (95%CI 86.2, 96.9); week 8, AUC = 79.8(70.3, 89.4);
and at week 24, AUC = 86.0 (95%CI 71.3, 100.0).
doi:10.1371/journal.pone.0160062.g004
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ROC AUC of 75.2 (95% CI 64.8, 85.6) at week 8 and a ROC curve AUC of 82.2 (95% CI 67.9,
96.5) at week 24 [Fig 4(B); Table Gb in S1 File]. For the percent closing measure, the ROC
curve AUCs were somewhat closer to the performance of direct Ct, with a ROC curve AUC of
79.8 (95% CI 70.3, 89.4) at week 8, and a ROC curve AUC 86 (95% CI 71.3, 100.0) at week 24
[Fig 4(C); Table Gc in S1 File].
Week 24 culture negativity is currently the best available predictive marker for treatment
success [25]. One of the potentially best uses of a sputum biomarker would be to predict which
TB patients will have treatment success after 24 weeks of treatment and which will fail or
require more treatment. Such a biomarker would be most useful if it could be measured rela-
tively early into therapy when treatment regimens could be modified, and it would also be use-
ful at the end of treatment to identify patients who need more prolonged therapy. We studied
whether a single Ct value could be used in this manner either at baseline (baseline Ct) and dur-
ing treatment (direct Ct). The ROC curves suggested that the baseline Ct value as well as the
direct Ct values were not predictive of treatment success (vs. failure) until week 8, AUC = 80.2
(95% CI 69.2, 91.3), and they were an even better predictor at week 24, AUC = 90.2 (95% CI
75.2, 100.0) [Fig 5A, Table Ha in S1 File], with a threshold of 30 providing a sensitivity of 89%
and a specificity of 75%. Using either the delta Ct, or percent closing measures did not drasti-
cally improve the ROC curves in this analysis (Fig 5(B) and 5(C); Table Hb and Hc in S1 File).
Since neither delta Ct nor the percent closing of baseline deficit performed better than direct
Ct as a predictor of culture negativity at the same day of treatment (Fig 5) or at the end of ther-
apy, we considered the possibility that these treatment effect measures would be better predic-
tors of culture outcomes if used in combination with a baseline Xpert Ct measurement.
Therefore, we examined optimal thresholds to predict concurrent culture negativity and treat-
ment failure using combined parameters. In some cases, these composite rules made it possible
to predict each outcome with somewhat better sensitivity and specificity. As shown in Table 2,
cross validated results using combinations of baseline Ct and either delta Ct or percent closing
with Youden’s index only appeared equivalent to direct Ct alone for tests of concurrent culture
negativity or treatment failure. However, the combined parameters did modestly improve the
sensitivity and specificity for predicting treatment failure compared to baseline Ct alone, and
in some cases also modestly improved the sensitivity and specificity compared to direct Ct,
although sensitivity compared to direct Ct was also adversely affected in some cases (Table 2
and Fig 6). For example, cross- validated results using only baseline Ct as a predictor of
Fig 5. ROC curve for baseline Ct, direct Ct, delta Ct and percent closing deficit to predict treatment
failure at the end of the treatment. Evaluation of ROC curves for direct Xpert Ct showed AUC = 80.2 (95%
CI 69.2, 91.3) at week 8, and AUC = 90.2 (95%CI 75.2, 100.0) at week 24. ROC curves for delta Ct
demonstrated AUC = 70.2 (95%CI 54.1, 86.2) at week 8 and AUC = 82.6 (95% CI 68.1, 97.0) at week 24.
ROC curves for the percent closing deficits at week 8, AUC = 75.2 (95%CI 62.2, 88.1) and at week 24,
AUC = 86.2 (95%CI 71.6, 100.0).
doi:10.1371/journal.pone.0160062.g005
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treatment failure had a relatively poor sensitivity of 62.5% and a specificity of 75.3% (Table 2),
while using a combination of baseline Ct and percent closing measured at week 24 gave a sensi-
tivity for treatment failure of 75% and a specificity of 88.9%. We also analyzed multiple variable
logistic regression models (Table I in S1 File) using week 4, week 8 and week 24 data. Models
including these variables demonstrated that delta Ct or percent closing were important predic-
tors of treatment outcome (at each time point) after adjustment for baseline direct Ct.
Discussion
Our study demonstrates that quantitative data produced by the Xpert assay may have utility
for monitoring TB treatment. For example, a quantitative Xpert assay result could aide in the
determination of treatment success at or near the end of treatment. In this regard, the assay’s
Table 2. An optimal threshold to forecast culture negativity at the same visit and treatment failure using Xpert Ct at the end of the treatment.
Concurrent culture negativity Adjudicated treatment failure by week 24
Culture
Negative
(Sensitivity)
Culture Positive
(Speciﬁcity)
Selectedcutpoint TreatmentFailure
(Sensitivity)
TreatmentSuccess
(Speciﬁcity)
Selectedcutpoint
XpertCt at
given time
Baseline NA NA NA 62.5% (5/8) 75.3% (61/81) 17.6
Week 4 94.1% (16/17) 79.7% (59/74) 29.8 71.4% (5/7) 40.0% (32/80) 29.7
Week 8 88.6% (47/53) 76.3% (29/38) 28.6 87.5% (7/8) 59.0% (47/79) 30.6
Week 24 87.9% (73/83) 75% (6/8) 29.7 75.0% (6/8) 88.9% (72/81) 29.7
Xpert baseline
Ct & Delta Ct
Week 4 94.1% (16/17) 79.7% (59/74) NA 57.1% (4/7) 56.3% (54/80) NA
Week 8 88.6% (47/53) 73.6% (28/38) NA 75.0% (6/8) 67.1% (53/79) NA
Week 24 89.2% (74/83) 75.0% (6/8) NA 75.0% (6/8) 88.9% (72/81) NA
Xpert baseline
Ct and percent
closing
Week 4 94.1% (16/17) 81.1% (60/74) NA 71.4% (5/7) 46.3% (37/80) NA
Week 8 83.0% (44/53) 71% (26/38) NA 62.5% (5/8) 84.8% (67/79) NA
Week 24 89.2% (74/83) 75.0% (6/8) NA 75.0% (6/8) 88.9% (72/81) NA
doi:10.1371/journal.pone.0160062.t002
Fig 6. Combinedmeasures of Ct plus percent closing to predict treatment success versus treatment
failure. This figure represents a model that include only two covariates: baseline Xpert Ct and percent closing
at 4, 8 and 24 weeks (for panels a, b and c respectively). Optimal thresholds are then defined using Youden’s
index (on the risk scores provided from the logistic regression models), with sensitivity and specificity
estimates derived from application of leave-on-out cross-validation. The Xpert Ct and percent closing
measure for each cured case (blue dots) and each treatment failure case (red dots) are shown. The optimal
thresholds to predict treatment success and treatment failure using both Xpert Ct and percent closing at each
time point are indicated by a diagonal black line. Color gradation from black to white indicate increase
chances of culture negativity. Cross validated results using combination of a direct Xpert Ct and percent
closing using Youden’s index to predict treatment failure showed 71.4% sensitivity and 42.5% specificity at
week 4, 62.5% sensitivity and 84.0% specificity at week 8, and 75% sensitivity 88.9% specificity at week 24.
doi:10.1371/journal.pone.0160062.g006
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two hour time to result might be particularly useful, as patients would not need to wait for cul-
ture results and risk being lost to follow-up. While conditions that reflect high bacterial load
such as AFB smear positivity, and extensive or cavitary TB are recognized as poor prognostic
factors for TB treatment, [1, 5] our study demonstrates for the first time the strong relationship
between initial bacterial load measured by a baseline Xpert Ct and subsequent time to culture
conversion. The quantitative information from even a single test performed before starting
treatment proved to be a relatively good predictor of time to culture conversion. Individual
tests performed between 4 and 24 weeks of treatment were also good at predicting concurrent
(same day) culture negativity and patients who would ultimately be adjudicated as treatment
failures. These predictions could be performed even though a relatively large proportion
(30.6%) of study subjects had detectableM. tuberculosis DNA at the end of treatment. Adding
either delta Ct or percent closing to the baseline Ct produced a combined measure that moder-
ately improved the predictive ability treatment failure over baseline Ct alone. However, the
observed improvement was relatively modest and our small sample size precluded a useful sta-
tistical evaluation of the added benefit of these combined measures over baseline Ct.
Prior studies have also noted that patients can remain Xpert positive at the end of treatment.
[15, 16].However, these studies were unable to validate Xpert as a useful treatment biomarker,
possibly because they appear to have not performed quantitative comparisons between Xpert
and same day culture status, or because (we speculate) there was less uniformity in the way
sputum samples were collected and processed for Xpert testing. Additionally, prior studies did
not report treatment outcome information, nor examine combined measures of direct Ct with
delta Ct or percent closing. To our knowledge, our study is the first to demonstrate the poten-
tial utility of the Xpert assay in a treatment monitoring capacity.
This study has several limitations. First, it was a relatively small exploratory study per-
formed at a single site, with a small number of treatment failures with varying levels of treat-
ment compliance. It included only four drug resistant cases. Thus, our results will need to be
confirmed by a larger study. Second, the 16% culture contamination rate in our study was
higher than the usually reported contamination rate of 2% to 5%, as a result, contaminated cul-
tures were evaluated as TB positive or negative by Capilia testing but they had to be excluded
from analyses that utilized TTP values. It was unfortunate that our study did not include a
week 16 time point. There is considerable interest in developing therapeutic regimens that can
provide a reliable cure after only 16 weeks of therapy. Future studies should evaluate whether
the approach outlined here is useful at 16 weeks to stratify patients by low and high risk for
treatment failure, which may be useful to explore treatment-shortening strategies. Finally, we
were only able to identify 73 subjects to examine Xpert Ct positivity at the one-year post-treat-
ment time point as the rest were lost to follow up after treatment completed (this last time
point was not anticipated in the initial study design).
It was surprising that the results of a single Xpert assay at a single time point performed at
least as well as a measurement of delta Ct, and percent closing at predicting culture conversion,
and treatment outcome at most time points. The delta Ct, and percent closing measures were
expected to provide an indication of treatment effect, since appropriate TB treatment should
reduce theM. tuberculosis bacterial load, and eventually theM. tuberculosis DNA load present
in sputum. We expected that these measures of treatment efficacy would be a major compo-
nent of any predictor of culture conversion or treatment outcomes. Indeed like previous stud-
ies, [15, 16] we did demonstrate a fall inM. tuberculosis DNA with treatment. We believe that
the additional predictive benefit of delta Ct and percent closing was relatively small for several
reasons. First, our study included very few subjects with drug resistant TB. We would expect
that treatment measures might be most important for subjects with drug resistance, because
drug resistant TB is likely be at increased risk for treatment failure even in “good prognosis”
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“high Ct” TB patients. Second, we only had 12 treatment defaulters in our study. Delta Ct or
percent closing might be expected to be particularly useful at detecting subjects who were not
adhering to therapy; and therefore, would be unlikely to show a good treatment response.
Third, the importance of pre-treatment bacterial load on time to culture conversion and ulti-
mate treatment success versus treatment failure, as shown in Table 1, appears to have been
underestimated by us and others. [2]
Our study confirms that the initial bacterial load is a critical predictor of treatment out-
comes as reported previously. It also appears that the relationship between initial bacterial load
and subsequent time to culture conversion and treatment outcome extends along the entire
dynamic range of possible bacterial loads. In conclusion, the Xpert assay shows considerable
promise as a biomarker for response to TB treatment. Further larger studies will be needed to
validate this work and to more precisely define the assay Ct and percent closing parameters
that provide the best sensitivity and specificity for its predictions. If Ct’s refined in a larger
study provide adequate sensitivity and specificity as well as adequate predictive values in
appropriate target populations, then Xpert Ct could be a useful tool for clinicians evaluating an
individual patient’s response to TB treatment, as it would allow treatment regimens to be mod-
ified based on same-day information. It also has the potential to make possible a wider range of
clinical trial design strategies, particularly allowing dose-ranging or early bactericidal activity
studies to use adaptive treatment allocation designs such as those commonly used in cancer
research.
Supporting Information
S1 File. Figure A in S1 file: Flow chart for specimen collection and processing for MGIT
culture and the Xpert assay. A deeply expectorated early morning sputum specimen was col-
lected at each time point before and during the anti-TB therapy and processed by standard
NaLC-NaOH method for MGIT and Xpert analysis. Table A in S1 file. Imputed values for
delta Ct and percent closing decificit when Xpert was negative Note: 1. Green cells in the fol-
lowing table contain imputed values. 2. When TB was not detected by Xpert a CT value of 40
(Ct value above the highest Ct value used to identify TB in the Xpert assay) was imputed for
statistical analysis. Table B in S1 file. Time to TB Negativity by MGIT culture (N = 108).
Table C in S1 file. Xpert MTB/RIF results of culture evaluable subjects (N = 108). Table D
in S1 file. One year end of the treatment follow up, Xpert MTB/RIF assay results. Table E
in S1 file. Hazard ratio using baseline Xpert Ct as a predictor of time-to-culture negativity
demonstrated by Cox proportional hazard analysis. Figure B in S1 file. ROC curve of direct
Xpert Ct (A), delta Ct (B) and percent closing (C) as a predictor of culture conversion by
week 8. Evaluation of direct Xpert Ct at baseline, day 7, week 4, and week 8 (A), and delta Ct
(B) and percent closing (C) at day 7, week 4, and week 8 to predict culture conversion by week
8. ROC curve results for direct Xpert Ct AUC = 68.8 (95% CI 58.1, 79.5), Xpert Ct at Day 7,
AUC = 70.3 (95% CI 59.7, 80.9); week 4, AUC = 74.9 (95% CI 64.9, 84.9) and week 8,
AUC = 86.0 (95% CI 77.9, 94.2). ROC curves for Delta Ct at Day 7, AUC 61.3(95% CI 49.4,
73.2); week 4, AUC = 67.9 (95% CI 56.7, 79.1) and week 8, AUC = 75.2 (95% CI 64.8, 85.6).
ROC curves for percent closing deficit at Day 7, AUC = 62.1 (95% CI 50.5, 73.8); week 4,
AUC = 71.3 (95% CI 60.6, 81.9) and week 8, AUC = 79.8 (95% CI 70.3, 89.4). Table F in S1
file. Area Under the curve (AUC) for Xpert Ct (Fa), delta Ct (Fb) and percent closing Ct
(Fc) using culture negativity status at Week 8 as outcome. Note: Culture negative status was
defined based on TTN category. Rules for defining negative status for each parameter are listed
in these tables. Table G in S1 file. AUC values for Xpert direct Ct (Ga), delta Ct (Gb) and
percent closing Ct (Gc) ROC curves using culture negativity status at the same visit. Note:
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Culture negative status was defined based on TTN category. Rules for defining negative status
for each parameter are listed in these tables. Table H in S1 file. Area Under the curve (AUC)
values for Xpert direct Ct (Ha), delta Ct (Hb) and percent closing Ct (Hc) ROC curves
using treatment failure status at the end of the therapy. Table I in S1 file. Multiple variable
logistic regression models.
(DOCX)
Acknowledgments
We thank all patients for participation in this study and the clinic and Laboratory staff from
the Stellenbosch University, Cape Town, South Africa for technical assistance. This work was
supported by the Catalysis Foundation for Health and by the Intramural Research Program of
the NIAID, National Institutes of Health (CEB), by the Intramural Research program of the
NIAID, NIH (CEB) Grant No—OPP51919, and with federal funds from the National Cancer
Institute, National Institutes of Health, under Contract No. HHSN261200800001E. The fund-
ers had no role in study design, data collection and analysis, decision to publish, or preparation
of the manuscript.
Author Contributions
Conceived and designed the experiments: SS KR J. Winter LV Cifton B. GW DA. Performed
the experiments: SS KS SMMK. Analyzed the data: SS KR SM J. Winter TP LV Charles B. GW
DA LD Cifton B. J. Wang. Contributed reagents/materials/analysis tools: SS KS KR J. Winter
TP LD. Wrote the paper: SS DA. Patient enrollment, treatment and follow up, Clinical evalua-
tion of patient's response to therapy: SMMK.
References
1. SuWJ, Feng JY, Chiu YC, Huang SF, Lee YC. Role of 2-month sputum smears in predicting culture
conversion in pulmonary tuberculosis. The European respiratory journal. 2011; 37(2):376–83. Epub
2010/06/03. doi: 10.1183/09031936.00007410 PMID: 20516049.
2. Hesseling AC, Walzl G, Enarson DA, Carroll NM, Duncan K, Lukey PT, et al. Baseline sputum time to
detection predicts month two culture conversion and relapse in non-HIV-infected patients. The interna-
tional journal of tuberculosis and lung disease: the official journal of the International Union against
Tuberculosis and Lung Disease. 2010; 14(5):560–70. Epub 2010/04/16. PMID: 20392348.
3. Wallis RS, Peppard T, Hermann D. Month 2 culture status and treatment duration as predictors of recur-
rence in pulmonary tuberculosis: model validation and update. PloS one. 2015; 10(4):e0125403. doi:
10.1371/journal.pone.0125403 PMID: 25923700; PubMed Central PMCID: PMC4414505.
4. Kurbatova EV, Cegielski JP, Lienhardt C, Akksilp R, Bayona J, Becerra MC, et al. Sputum culture con-
version as a prognostic marker for end-of-treatment outcome in patients with multidrug-resistant tuber-
culosis: a secondary analysis of data from two observational cohort studies. The Lancet Respiratory
medicine. 2015; 3(3):201–9. doi: 10.1016/S2213-2600(15)00036-3 PMID: 25726085; PubMed Central
PMCID: PMC4401426.
5. Horne DJ, Royce SE, Gooze L, Narita M, Hopewell PC, Nahid P, et al. Sputummonitoring during tuber-
culosis treatment for predicting outcome: systematic review and meta-analysis. The Lancet infectious
diseases. 2010; 10(6):387–94. Epub 2010/06/01. doi: 10.1016/S1473-3099(10)70071-2 PMID:
20510279; PubMed Central PMCID: PMC3046810.
6. Phillips PP, Mendel CM, Burger DA, Crook A, Nunn AJ, Dawson R, et al. Limited role of culture conver-
sion for decision-making in individual patient care and for advancing novel regimens to confirmatory
clinical trials. BMCmedicine. 2016; 14(1):19. doi: 10.1186/s12916-016-0565-y PMID: 26847437;
PubMed Central PMCID: PMC4743210.
7. Parsons LM, Somoskovi A, Gutierrez C, Lee E, Paramasivan CN, Abimiku A, et al. Laboratory diagno-
sis of tuberculosis in resource-poor countries: challenges and opportunities. Clinical microbiology
reviews. 2011; 24(2):314–50. doi: 10.1128/CMR.00059-10 PMID: 21482728; PubMed Central PMCID:
PMC3122496.
Xpert MTB/RIF to Monitor TB Treatment Response
PLOS ONE | DOI:10.1371/journal.pone.0160062 August 10, 2016 12 / 13
8. Urdea M, Penny LA, Olmsted SS, Giovanni MY, Kaspar P, Shepherd A, et al. Requirements for high
impact diagnostics in the developing world. Nature. 2006; 444 Suppl 1:73–9. doi: 10.1038/nature05448
PMID: 17159896.
9. Connolly LE, Edelstein PH, Ramakrishnan L. Why is long-term therapy required to cure tuberculosis?
PLoSmedicine. 2007; 4(3):e120. Epub 2007/03/29. doi: 10.1371/journal.pmed.0040120 PMID:
17388672; PubMed Central PMCID: PMC1831743.
10. Perrin FM, Lipman MC, McHugh TD, Gillespie SH. Biomarkers of treatment response in clinical trials of
novel antituberculosis agents. The Lancet infectious diseases. 2007; 7(7):481–90. Epub 2007/05/26.
doi: 10.1016/S1473-3099(07)70112-3 PMID: 17524807.
11. Blakemore R, Story E, Helb D, Kop J, Banada P, Owens MR, et al. Evaluation of the analytical perfor-
mance of the Xpert MTB/RIF assay. J Clin Microbiol. 2010; 48(7):2495–501. doi: 10.1128/JCM.00128-
10 PMID: 20504986; PubMed Central PMCID: PMCPMC2897495.
12. Boehme CC, Nabeta P, Hillemann D, Nicol MP, Shenai S, Krapp F, et al. Rapid molecular detection of
tuberculosis and rifampin resistance. The New England journal of medicine. 2010; 363(11):1005–15.
Epub 2010/09/10. doi: 10.1056/NEJMoa0907847 PMID: 20825313; PubMed Central PMCID:
PMC2947799.
13. Blakemore R, Nabeta P, Davidow AL, Vadwai V, Tahirli R, Munsamy V, et al. A multisite assessment of
the quantitative capabilities of the Xpert MTB/RIF assay. American journal of respiratory and critical
care medicine. 2011; 184(9):1076–84. Epub 2011/08/13. doi: 10.1164/rccm.201103-0536OC PMID:
21836139; PubMed Central PMCID: PMC3208646.
14. Helb D, Jones M, Story E, Boehme C, Wallace E, Ho K, et al. Rapid detection of Mycobacterium tuber-
culosis and rifampin resistance by use of on-demand, near-patient technology. J Clin Microbiol. 2010;
48(1):229–37. doi: 10.1128/JCM.01463-09 PMID: 19864480; PubMed Central PMCID: PMC2812290.
15. Friedrich SO, Rachow A, Saathoff E, Singh K, Mangu CD, Dawson R, et al. Assessment of the sensitiv-
ity and specificity of Xpert MTB/RIF assay as an early sputum biomarker of response to tuberculosis
treatment. The Lancet Respiratory medicine. 2013; 1(6):462–70. Epub 2014/01/17. doi: 10.1016/
S2213-2600(13)70119-X PMID: 24429244.
16. Kayigire XA, Friedrich SO, Venter A, Dawson R, Gillespie SH, Boeree MJ, et al. Direct comparison of
Xpert MTB/RIF assay with liquid and solid mycobacterial culture for quantification of early bactericidal
activity. J Clin Microbiol. 2013; 51(6):1894–8. Epub 2013/04/19. doi: 10.1128/JCM.03290-12 PMID:
23596237; PubMed Central PMCID: PMC3716052.
17. Nicol MP. Xpert MTB/RIF: monitoring response to tuberculosis treatment. The Lancet Respiratory med-
icine. 2013; 1(6):427–8. Epub 2014/01/17. doi: 10.1016/S2213-2600(13)70133-4 PMID: 24429228.
18. Banada PP, Sivasubramani SK, Blakemore R, Boehme C, Perkins MD, Fennelly K, et al. Containment
of bioaerosol infection risk by the Xpert MTB/RIF assay and its applicability to point-of-care settings. J
Clin Microbiol. 2010; 48(10):3551–7. Epub 2010/08/20. doi: 10.1128/JCM.01053-10 PMID: 20720033;
PubMed Central PMCID: PMC2953088.
19. PT K, GP K. Public health mucobacteriology; a guide for the level III laboratory. Atlanta: Centers for
Disease Control, Division of Laboratory Training and Consultation. Atlanta GA, US; 1985.
20. WHO. Definition and Reporting Framework for Tuberculosis-2013 revision. Geneva, Switzerland.
World Health Organization, 2013. 2013.
21. McIntosh MW, Pepe MS. Combining several screening tests: Optimality of the risk score. Biometrics.
2002; 58(3):657–64. doi: 10.1111/j.0006-341X.2002.00657.x PMID: WOS:000182975800020.
22. Epstein MD, Schluger NW, Davidow AL, Bonk S, RomWN, Hanna B. Time to detection of Mycobacte-
rium tuberculosis in sputum culture correlates with outcome in patients receiving treatment for pulmo-
nary tuberculosis. Chest. 1998; 113(2):379–86. Epub 1998/03/14. PMID: 9498955.
23. Chigutsa E, Patel K, Denti P, Visser M, Maartens G, Kirkpatrick CM, et al. A time-to-event pharmacody-
namic model describing treatment response in patients with pulmonary tuberculosis using days to posi-
tivity in automated liquid mycobacterial culture. Antimicrobial agents and chemotherapy. 2013; 57
(2):789–95. Epub 2012/11/28. doi: 10.1128/AAC.01876-12 PMID: 23183433; PubMed Central PMCID:
PMC3553722.
24. van Zyl-Smit RN, Binder A, Meldau R, Mishra H, Semple PL, Theron G, et al. Comparison of quantita-
tive techniques including Xpert MTB/RIF to evaluate mycobacterial burden. PloS one. 2011; 6(12):
e28815. doi: 10.1371/journal.pone.0028815 PMID: 22216117; PubMed Central PMCID: PMC3245241.
25. Wallis RS, Wang C, Doherty TM, Onyebujoh P, Vahedi M, Laang H, et al. Biomarkers for tuberculosis
disease activity, cure, and relapse. The Lancet infectious diseases. 2010; 10(2):68–9. Epub 2010/02/
02. doi: 10.1016/S1473-3099(10)70003-7 PMID: 20113972.
Xpert MTB/RIF to Monitor TB Treatment Response
PLOS ONE | DOI:10.1371/journal.pone.0160062 August 10, 2016 13 / 13
